Multiply scattered seismic waves, due to their long path length in a limited volume, provide information that can be used to detect and image weak timelapse changes within a medium. Such weak changes are usually not resolved with singly scattered waves. Previous use of multiply scattered waves for time-lapse monitoring assume some level of homogeneity about the scattering medium. This homogeneity is usually characterized either by a constant mean free path or diffusion coefficient. In a complex medium, however, this assumption of homogeneity likely breaks down. We demonstrate the capability of resolving a localized time-lapse velocity change within a 3-layer scattering model using multiply scattered waves. The layers within the model have different scattering properties. We localize the weak velocity change but the resolution of the imaged change degrades with increasing coda traveltime. Also we use multiply scattered waves to resolve the weak changes in a laboratory experiment with a 3D concrete block due to stress loadings to the surface of the block.
INTRODUCTION
Various monitoring tools have been developed to monitor and characterize weak changes within a wide spectrum of media which includes the earth's surface, mechanical structures such as buildings, and medical specimens. These monitoring tools range from single-scattering wave methods (such as sonic/seismic tomography (Lumley, 2001; Nolet, 1987) , reflection/transmission methods (Daley et al., 2008) , and time-lapse microscopy (Landrø, 2001) ) to multiplyscattering wave methods (such as diffusion (acoustic) wave spectroscopy (D(A)WS) (Pine et al., 1988; Cowan et al., 2002) and coda wave interferometry (CWI) (Snieder et al., 2002; Snieder, 2006) ). The strengths and limitations of these monitoring tools depend on both the sensitivity of the monitoring data to the change in the medium and how accessible the imaging data is for the monitoring process. It has been demonstrated that multiply scattered waves are more likely to identify weak temporal changes than do single-scattered waves (Grêt et al., 2006; Larose and Hall, 2009 ). Multiply scattered waves, due to increased scattering, provide information about the monitored medium that can be used to increase the resolution of the imaged medium (for example, using reflected multiples) (Belkebir et al., 2006) , increase illumination especially within poorly illuminated subsurface (Gaburro et al., 2007) and increase the detection of weak time-lapse changes within the medium (Poupinet et al., 1984) . Increased scattering of seismic waves potentially improves the detectability of the weak changes especially in cases where these weak changes are not resolvable with singly scattered waves. However, because of the averaging effect of multiply scattered waves and the complexity in the travel paths of the multiply scattered waves, the desired spatial resolution of the weak changes are usually not achieved.
Initial efforts in using multiply scattered waves for time-lapse monitoring were successfully used for detecting changes within a monitored medium (Poupinet et al., 1984; Nishimura et al., 2000; Snieder et al., 2002; Wegler and Sens-Schnfelder, 2007) . Techniques like D(A)WS and CWI are geared toward measuring global change within a medium thereby averaging the changes present across the monitored medium regardless of whether the changes are localized or not. However, recently focus have been given to imaging the locations of weak time-lapse changes. The first known recipe for inverting a localized change using multiply scattered waves is given by Pacheco and Snieder (2005) where they connect the mean traveltime changes to a localized slowness change. Rossetto et al. (2011) introduce a technique they call LOCADIFF which uses the decorrelation of the time-lapse scattered waves to image a localized change in the scattering medium. These efforts at localizing changes within a scattering medium assume homogeneous random scattering models. How well these methods resolve weak changes in complexly heterogeneous media especially in media where the scattered waves have non-diffusive behavior is yet unknown.
In this study, we investigate the capability of imaging a localized weak velocity change within a heterogeneous scattering medium. Using numerical examples we demonstrate, in section 3, the used of traveltime changes to image a localized time-lapse velocity change within a scattering medium. In the following section, we apply our imaging tool to resolve a localized weak change in a laboratory experiment using a 3D concrete block. This weak change is induced by a compressive stress loading applied at the adjacent surfaces of the concrete block. Pacheco and Snieder (2005) using the intensity of multiply scattered waves developed a sensitivity kernel K(s, xo, r, t) which relates mean traveltime changes τ (t) to a localized relative velocity change within a medium δv/v(xo) at xo:
THEORY
where V is the scattering volume, and s and r are the source and the receiver locations, respectively. We estimate the traveltime changes ( τ (t) = -t) using the stretching method (Hadziioannou et al., 2009 ) on a given time window of the scattered waves, where is the stretching factor. The stretching factor is equal to the estimated fractional velocity change within the time window. To obtain the optimal stretch factor, we minimize
where u(t) andû(t) are the original and the time-lapse coda signals, respectively. Rossetto et al. (2011) relate the decorrelation D(s, r, t) between time-lapse multiply scattered waves to the time-lapse change in the total scattering crosssection δσ(xo) of a medium:
The change in the total scattering cross-section describes the scattering potential of the change within the medium. Practically, the time-windowed decorrelation is obtained using
where t is the traveltime and tw is the half-length of the time-window use to compute the cross-correlation C(s, r, t). Equations 1 and 3 contain the same sensitivity kernel K(s, xo, r, t) (Planès et al., 2014) , which depends on the source and receiver locations, the scattering property of the medium, and the traveltime of the scattered waves. The sensitivity kernel is given by
where P is the normalized intensity of the multiply scattered waves (Pacheco and Snieder, 2005) . The normalized intensity or the corresponding sensitivity kernel can be computed either by using analytical intensity models such as the diffusion intensity model or the radiative transfer intensity model (Paasschens, 1997) ; or by using a numerical approach where the sensitivity kernel is computed by convolving numerically generated source and receiver intensity fields. The intensity fields are computed from numerically simulated scattered wavefields excited at the the source and the receiver locations. For details about the numerical computation of the sensitivity kernel we refer the reader to Kanu and Snieder (2014) . If we have an accurate statistical properties of the scattering model, the numerical solution of the kernel provides a more accurate kernel for imaging the time-lapse changes present in a medium, especially in a heterogeneously complex medium.
IMAGING TIME-LAPSE WEAK VELOCITY CHANGES: NUMERICAL EXAMPLE

Model setup:
To explore the capability of resolving a localized velocity change using either the estimated travel-time change or the decorrelation of the time-lapse data, we setup an imaging problem given in Figure 1 , which shows both the velocity (scattering) model and the time-lapse velocity change for our imaging problem. The velocity model is a 3 layer model, with each layer having scattering properties of different statistical characteristics. The statistical characteristics of the top and the bottom scattering layers are homogeneous and structurally isotropic, while the middle layer is heterogeneous characterizing a highly fractured reservoir. The time-lapse change is a 0.5 % velocity change in the rectangle embedded within the middle layer shown in Figure 1 (bottom). To monitor and resolve this localized change, we use two vertical receiver arrays representing two borehole lying on opposite sides of the localized change. These boreholes record scattered waves generated by the 9 sources that are located along a horizontal line. This source-receiver setup depicts time-lapse monitoring with repeating microseismic events whose scattered waves (codas) are recorded by the 2 boreholes. We assume acoustic wave propagation hence we are not accounting for the effect of the source radiation and elastic seismic wave modes. 
Time-lapse inversion
To localize the weak velocity change, we minimize the objective function φ:
This objective function φ (equation 6) corresponds to solving the following weighted least square problem:
where K is the discretized numerical solution of the sensitivity kernel, d is the estimated traveltime change δt, and m = S −1 mS is the fractional velocity change. The sensitivity weighting matrix S is a diagonal matrix with the elements Sij = δijwj that are weighting functions wj given by (Li and Oldenburg, 2000) :
where N is the number of data and M is the number of the discretized model space. We apply S to suppress elevated sensitivity at the source and receiver locations (Kanu and Snieder, 2014) . The sensitivity weighting matrix acts as a preconditioner for the inversion problem.
To solve equation 7, we use linear conjugate-gradient method. All the imaged velocity changes in this section are obtained after 5 iterations.
To estimate the traveltime changes, we use 0.6 s time windows with each window overlapping 0.1 s with the previous time window. Each time window contains about 10 cycles of the signal and the windowed signals are tapered with a Tukey time window. Using a time window which is 10 times the dominate period helps stabilize the estimated traveltime changes (Snieder et al., 2002) . To get more data points for the inversion, we interpolate estimated traveltime changes from 0.5 s to 0.02 s. Figure 2 shows the inverted time-lapse velocity changes using estimated traveltime changes across different coda time windows (the rectangular boxes in Figure 2A velocity change results from the low sensitivity of the early scattered waves to the velocity change. Also there is a smearing of the change onto the locations of the receivers above the true location of the velocity change. With longer time windows the inverted velocity changes become closer to the true magnitude of the velocity change (∆v/v = 0.5 %) and the resolved change lie within the middle layer of the velocity model. However, the inverted velocity change become progressively smeared horizontally within the middle layer. This smearing of the inverted velocity change is due to the spatial broadening of the sensitivity kernel with traveltime and to the strong scattering in the reservoir that might biase the localization of the velocity change. The sensitivity kernel for the velocity model ( Figure 1) is given in Kanu and Snieder (2014) .
We invert these velocity changes in Figure 2 using β = 0.5 to construct the sensitivity weighting matrix. Practically, the optimal β value depends on the amplitude of the kernel front and kernel at the source/receiver location relative to the rest of the kernel. The effect of the sensitivity weighting matrix is seen in Figure 3 showing the inverted velocity change with and without the weighting matrix S. Using the weighting matrix S, we improve the resolution of the imaged velocity change. The weighting matrix S helps to project the velocity change onto the correct location which is within the middle layer. The higher amplitudes at the kernel fronts and the source/receiver locations hinder the localization of the velocity change in the inverse problem when the weighting matrix S is not used.
IMAGING TIME-LAPSE WEAK CHANGES IN A 3D CONCRETE BLOCK
Laboratory experiment in a 3D concrete block
To demonstrate the capability of resolving weak changes within a physical scattering medium, we invert for a change induced by a localized stress loading on the surface of a 3D concrete block with dimensions 1.5 x 1.5 x 0.5 m 3 . The concrete block, with an average P-wave velocity of 4 km/s, consists of aggregates (which act as scatterers) of size approximately 32 mm and reinforcements at the lower half of the block (Figure 4) . The reinforcements are three 150 mm grid 8 mm diameter rebar meshes. Within the block, we embedded 18 sensors that serves both as sources and receivers. Because of coupling issues, we only use 10 of the sensors ( Figure 5) . Table 1 gives the locations of the used sensors. These ten sensors are connected to an ultrasound transmitting and receiving equipment via a multiplexer. The multiplexer connects an amplified signal generated by a function generator to a given sensor selected at a given time ( Figure 6 ). This selected sensor acts as the source while the rest of the sensors serve as receivers.
The recorded signals are sent to an Analog-to-Digital (A/D) device and then to data storage. A given load experiment results to a total of 90 traces. For the source signal, we use a 60 kHz Ricket wavelet.
To induce a local change on the concrete block, we apply stress loading on a 30 mm borehole drilled through the block along the z-axis. The borehole is located at (x = 0.95 m, y = 0.325 m). A 20 mm bolt is put through the borehole and fastened on both sides with a load distribution steel plates and nuts. The load steel plates are 0.1 x 0.1 m 2 wide and 10 mm thick. On one side of the block, a calibrated load cell (a piezoelectric sensor) is placed between the load steel plate and an additional disc. The load cell is used for current supply and voltage measurement. This experiment which was designed and setup by the Federal Institute for Materials Research and Testing, Berlin, Germany (known as BAM) group involves monitoring series of stress loading ranging from 0 kN to 100 kN and back to 0 kN . Figure 7 shows typical signals recorded at sensor 17 when sensor 16 acts as a source. At time zero each receiver records a event from source induced electrical response. We use this electrical event (Figure 7 (black ellipse)) to book-keep the onset time of the source signals. This event is removed prior to time-lapse analysis of the signals. The rest of the recorded scattered waves in the signals consist of ballistic and coda waves resulting from wave scattering within the 3D concrete block. The two signals in Figure 7 are from repeated experiments on a given stress load displaying the strong repeatability of the signals.
Time-lapse inversion
Here, we invert for weak changes within the heterogeneous 3D concrete block. To invert for the changes induced by the stress loading, we use the decorrelation of the time-lapse coda. These stress loading induces relatively more significant and consistent perturbation on the amplitude of the coda signals than on the phase of the coda. Figure 8 shows the average decorrelations estimated from the time-lapse scattered waves arriving between 0.28 ms and 0.58 ms after the first arrival. To invert the change within the concrete block due to the stress loadings, we solve equation 7. In this inversion, we compute the sensitivity kernel using radiative transfer model of the scattered intensity in the block (Kanu and Snieder, 2014) . We currently assume acoustic wave scattering but future inversion of the weak change in the concrete block will incorporate elastic scattering.
To estimate the sensitivity kernel we estimate the average mean free path by fitting the intensities of the coda waves using radiative transfer intensity which depends on the mean free path. We estimate the mean free path to be approximately 1.52 m which corresponds to a mean free time of 0.362 ms using P-wave velocity. The time window we use for the inversion extends beyond the mean free path time. Figure 9 shows the inverted solution of the weak changes within the 3D block at z = 0 m for stress loading of 5-10 kN and 5-15 kN using the time window in Figure 9 (top). The resolved change closely localizes the change to the point of the stress loading for both stress experiments. The resolution of the weak change depends on the source-receiver coverage and the scattered phases we use for the inversion due to the spatial broadening of the sensitivity kernel with traveltime (Kanu and Snieder, 2014) .
CONCLUSIONS
In this study, we demonstrate the capability of resolving localized weak changes within heterogeneous scattering media using multiply scattered waves. Our imaging algorithms build on from the work of Pacheco and Snieder (2005) and Rossetto et al. (2011) . Using estimated time-lapse traveltime change, we demonstrate how well we can localize a weak velocity change within a heterogeneous 3-layer scattering model using a numerical example. We image this localized velocity change in the 3-layer model without assuming any homogeneity of the scattering model. Our imaging recipe resolves well the location and amplitude of the velocity change especially early in the coda wave. However, the resolution of the imaged velocity change progressively decreases with increasing traveltime of the coda waves we use in the imaging. The decrease in the resolution of the velocity change results from the spatial broadening of the sensitivity kernel with traveltime and the strong scattering near the region of velocity change. Furthermore, we apply our imaging algorithm to image a weak change on a physical 3D scattering concrete block induced by localized stress loading. The stress loading is applied on the surface of the concrete block.
